Herceptin is a humanized monoclonal antibody targeted against the extracellular domain of the HER2 oncogene, which is amplified and overexpressed in 10-34% of breast cancers. Herceptin therapy provides effective treatment in HER2-positive metastatic breast cancer, although a favorable treatment response is not achieved in all cases. Here, we show that Herceptin treatment induces a dosedependent growth reduction in breast cancer cell lines with HER2 amplification, whereas nonamplified cell lines are practically resistant. Time-course analysis of global gene expression patterns in amplified and nonamplified cell lines indicated a major change in transcript levels between 24 and 48 h of Herceptin treatment. A step-wise gene selection algorithm revealed a set of 439 genes whose temporal expression profiles differed most between the amplified and nonamplified cell lines. The discriminatory power of these genes was confirmed by both hierarchical clustering and self-organizing map analyses. In the amplified cell lines, the Herceptin treatment induced the expression of several genes involved in RNA processing and DNA repair, while cell adhesion mediators and known oncogenes, such as c-FOS and c-KIT, were downregulated. These results provide additional clues to the downstream effects of blocking the HER2 pathway in breast cancer and may provide new targets for more effective treatment.
The HER2 proto-oncogene encodes a 185 kDa transmembrane glycoprotein, which is one component of the four-member growth factor receptor family, including closely related EGFR, HER3, and HER4 proteins. The amplification and overexpression of HER2 is found in 10-34% of human breast cancers, and has been associated with poor clinical outcome in several studies (reviewed in Ross and Fletcher, 1999) . Recently, targeted antibody-based therapy against HER2 protein was developed (Carter et al., 1992) . The recombinant humanized monoclonal antibody Herceptin binds to the extracellular domain of the HER2 receptor with high affinity and disrupts various downstream signaling events leading ultimately to reduced cell growth (Molina et al., 2001; Yakes et al., 2002) . Several studies have demonstrated the effectiveness of this new anticancer therapy against a subset of advanced breast tumors with HER2 overexpression, although for unknown reasons all tumors with HER2 activation do not respond favorably (Baselga et al., 1996; Cobleigh et al., 1999; Slamon et al., 2001; Vogel et al., 2002) . In this study, we investigated the effects of Herceptin treatment on gene expression patterns in HER2-amplified and nonamplified breast cancer cell lines to elucidate the molecular consequences of blocking the HER2 pathway.
Breast cancer cell lines BT-474, SK-BR-3, and ZR-75-30 previously shown to display high-level amplification and overexpression of HER2, MDA-453 harboring low-level amplification (2.8-fold relative to the chromosome 17 centromere) accompanied by only a modest increase in HER2 expression, as well as MCF7 and MDA-436 with neither amplification nor increased expression, were included in this study (Kauraniemi et al., 2001; Hyman et al., 2002) . Cells were harvested at the exponential growth phase and plated on 96-well plates. After an initial growth period of 48 h (to achieve an at least 70% confluency) in recommended medium and culture conditions, Herceptin was added to the test cells at various concentrations (1, 10, 100, and 500 mg/ ml). Antibody treatment was carried out for 72 h, followed by cell growth analysis. As expected, the cell lines with HER2 amplification showed a clear reduction in growth after Herceptin treatment (Figure 1 ). This growth reduction was dose-dependent and already detectable with 1 mg/ml Herceptin. The most prominent effect was seen in SK-BR-3 cells that illustrated a 20% growth suppression with 1 mg/ml Herceptin and a 70% growth reduction with 500 mg/ml Herceptin (Figure 1) . The HER2 nonamplified cell lines showed negligible growth suppression with low doses of Herceptin, but MCF7 cells did illustrate a 20% inhibition with the highest dose used. MDA-436 cells were most resistant and showed a noticeable growth suppression only with 500 mg/ml Herceptin (Figure 1 ). Similar to the nonamplified cell lines, the MDA-453 cell line with low-level HER2 amplification showed virtually no response with 1 mg/ml Herceptin. However, a clear growth reduction was observed in MDA-453 cells with higher doses of Herceptin, although with only a small difference between doses of 100 and 500 mg/ml (Figure 1) . Overall, the difference in mean growth suppression between the HER2 amplified (BT-474, SK-BR-3, ZR-75-30, MDA-453) and nonamplified (MCF7, MDA-436) cell line groups was statistically significant (Po0.05, two-tailed t-test) with Herceptin doses of 10, 100, and 500 mg/ml.
Next, we explored the specific effects of Herceptin treatment in the HER2-amplified and nonamplified breast cancer cell lines using a cDNA microarray containing 14 380 clones. The cells were treated for 24, 48, and 72 h with 10 mg/ml Herceptin, a dose showing a statistically significant difference in growth suppression between the amplified and nonamplified cell lines with a maximum number of viable cells. The expression levels in the treated cells at specific time points were compared to those of untreated cells of the same cell line. Hierarchical clustering was performed to evaluate the overall expression changes caused by Herceptin treatment. For each cell line, the three different time points clustered together indicating that the global expression patterns within a cell line were more similar than those between different samples (Figure 2) . Moreover, the hierarchical clustering dendrogram also revealed that for all cell lines the 48 and 72 h time points were more similar to one another than to the 24 h time point (Figure 2 ). This result suggests that the main effect of Herceptin on transcript levels occurs between 24 and 48 h of drug treatment.
A combination of statistical methods (Hautaniemi et al., 2003a) was then used to identify a specific set of genes whose expression levels either increased or decreased as a function of time during Herceptin treatment. First, equalization transformation (Bolstad et al., 2003) was performed to obtain a similar range for ratios across the time-series experiments. Linear regression analysis was then applied to convert the three timeseries observations to a single number T, where the sign of T reflects the direction of change in the expression Figure 1 Herceptin treatment induced growth suppression in breast cancer cell lines. Breast cancer cell lines obtained from ATCC (Manassas, VA, USA) were grown under recommended culture conditions. Exponentially growing cells were harvested and plated on 96-well plates at a defined density, ranging from 2.5 Â 10 4 -6.5 Â 10 4 cells/ml depending on cell line. After 48 h, Herceptin (Genentech, Inc., South San Francisco, CA, USA) was added to the cell cultures at concentrations of 1, 10, 100, and 500 mg/ml. Fresh medium lacking Herceptin was added to control wells of each cell line. After 72 h incubation, the medium was replaced with a fresh drug-free medium and the cells were allowed to recover for additional 18 h. The suppression of cell growth was determined using the alamarBlue Assay (Alamar Biosciences, Sacramento, CA, USA). AlamarBlue was added to the wells in an amount equal to 10% of the total culture medium volume. AlamarBlue was incubated for 4-10 h, and absorbance at 540 and 620 nm wavelengths was measured with a spectrophotometer. The growth suppression of Herceptin-treated vs untreated control cells were calculated according to the manufacturer's instructions (Alamar Biosciences, Sacramento, CA, USA). Mean þ 1 s.d. of triplicate experiments are shown Figure 2 Hierarchical clustering of Herceptin-treated breast cancer cell lines. Cells were cultured in 185 cm 2 flasks and Herceptin was added to exponentially growing cells at a concentration of 10 mg/ml. Control cells were grown in a drug-free medium. Cells were harvested by trypsinization after 24, 48, and 72 h and were washed twice with ice-cold PBS buffer. The cell pellet was snapfrozen in liquid nitrogen and stored at À701C until RNA isolation. mRNA was extracted using the FastTrack 2.0 mRNA Isolation Kit (Invitrogen, Carlsbad, CA, USA). mRNA (3 mg) from Herceptintreated cells was labeled with Cy3-dUTP (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and 3 mg of mRNA from untreated control cells of the same cell line was labeled with Cy5-dUTP using oligo(dT)-primed polymerization by SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The preparation and printing of the 14 380-cDNA clones on glass slides and hybridization of labeled cDNAs on microarrays were carried out as described (Mousses et al., 2000; Monni et al., 2001) . The fluorescence intensities at the targets were measured using a laser confocal scanner (Agilent Technologies, Palo Alto, CA, USA) and the data were analysed using the DEARRAY software (Chen et al., 1997) . After background subtraction, average intensities at each spot in the Herceptin-treated test hybridization were divided by the average intensity of the same spot in the untreated control hybridization. Low-quality measurements (test and reference intensity o100 fluorescent units and/or spot size o50 U) were excluded from the analysis and were treated as missing values. The number of clones that passed the quality filtering was 11 311. The data were normalized using local weighted scatter plot smoother (LOWESS) analysis (Cleveland, 1979; Yang et al., 2001) for each print-tip group. The fraction of data points used in local regression (f) was 0.2 and other parameters were adjusted as suggested by Cleveland (1979) . Hierarchical clustering of the 11 311 genes at 24, 48, and 72 h time points was performed using the average linkage method with uncentered correlation as the distance function (Eisen et al., 1998) Effects of Herceptin treatment in breast cancer P Kauraniemi et al level (either decrease or increase) and the value of T corresponds to the magnitude of expression change. After calculation of the T-values, a stepwise gene selection algorithm was utilized to identify genes that would best separate the HER2 amplified cell lines from those with no amplification. For this purpose, we assigned the BT-474, SK-BR-3, and ZR-75-30 cell lines as amplified and MDA-436 and MCF7 as nonamplified. MDA-453 was excluded because it did not fit into either category. Genes where the difference in the median expression level between the amplified and nonamplified groups was less than one were excluded, leaving 2990 genes for the analysis. In the stepwise gene selection, the weight (W) for each gene was computed using Fisher's linear discriminant and new genes were added to the set until W reduced to three. As a result, a set of 439 discriminatory genes were identified representing 15% of the genes included in the stepwise gene selection procedure (Supplemental Table 1 ). Of these, 212 and 227 genes showed decreasing and increasing expression levels, respectively, after the Herceptin treatment in the amplified vs nonamplified cell lines, demonstrating an almost equal partitioning of up-and downregulated discriminatory genes. A randomization test (Hautaniemi et al., 2003a) was applied for the 2990 genes to verify that the result was statistically significant (Po10 À9 ). The expression level of the HER2 gene varied less than twofold during the antibody treatment in all cell lines, indicating that the treatment did not have a significant effect on the expression of the HER2 receptor itself.
Two different clustering approaches were used to illustrate the temporal gene expression changes among the 439 discriminatory genes (Figure 3) . In hierarchical clustering, the amplified and nonamplified cell lines were clustered at the opposite ends of the dendrogram. The self-organizing map revealed two major clusters of genes, whose expression profiles were almost opposite in the amplified and nonamplified cell lines. These results demonstrate that the expression profiles of the discriminatory genes were clearly distinct between the HER2-amplified and nonamplified cell lines, thereby confirming the validity of the set of discriminatory genes. Interestingly, both clustering methods indicated that the expression changes in the MDA-453 cell line were different from those in the other cell lines with HER2 amplification, with a large fraction of genes showing temporal gene expression patterns similar to those seen in the nonamplified cell lines. This transcriptional profile might be explained by the fact that the low-level HER2 amplification in MDA-453 leads only to a slight increase in HER2 expression (Kauraniemi et al., 2001; Hyman et al., 2002) , and therefore the effects of Herceptin treatment in MDA-453 mimic those seen in cells with no HER2 amplification.
The publicly available gene ontology information (http://source.stanford.edu/cgi-bin/sourceSearch) provided information on the functional roles of 59% of the discriminatory genes. The remaining 179 genes represented hypothetical proteins or known genes with no associated functional information. Closer examination of the gene ontology data revealed that a large number of the discriminatory genes encode for proteins involved in key cellular processes like transcription, signal transduction, protein processing, cell metabolism, and transport. Genes encoding proteins involved in various RNA processing reactions, for example, biogenesis of spliceosomal snRNAs (SIP1), RNA 3 0 -end processing (CPSF4), and nuclear pre-mRNA splicing (PRPF31) were upregulated by Herceptin treatment in the amplified cell lines. Herceptin treatment also induced the expression of genes involved in various DNA repair pathways, for example, nucleotide-excision (ERCC2), double-strand break (MRE11), and DNA mismatch repair (MSH5). On the other hand, genes encoding cell adhesion proteins (e.g. JUP, CTNND2, and CNTN1) or well-characterized oncoproteins (e.g. FOS and KIT) showed decreasing expression levels in the amplified cell lines during the drug treatment. Several studies have shown that estrogen-induced mitogenesis of breast cancer cells is partly mediated by the increased expression of c-FOS, indicating an important role for c-FOS in Figure 3 Clustering of the 439 discriminatory genes. (a) Hierarchical clustering was performed using the average linkage method with Euclidean distance as the distance function. Changes in the expression levels (T-values) are illustrated using a colorcoding, where red corresponds to increasing expression levels, green to decreasing expression level, and black to stable expression during the time series. (b) Clustering of the 439 genes was performed using the SOM algorithm (Kohonen, 2001; Hautaniemi et al., 2003b ) using a toolbox made by Vesanto et al. (2000) . The unified-distance matrix (U-matrix) and component plane representation are shown. The U-matrix illustrates the presence of two major clusters of genes (shown in blue) that are separated by a row of red-shaded map units. The colored component planes for each cell line indicate that the expression patterns of these major clusters in the amplified cell lines are markedly different from those seen in the nonamplified cell lines. In the component planes, the expression patterns are illustrated using a specific color scheme, where shades of red correspond to increase in expression, shades of yellow to stable expression, and shades of blue to decrease in expression during the time series
Effects of Herceptin treatment in breast cancer P Kauraniemi et al breast cancer pathogenesis (Wilding et al., 1988; Van der Burg et al., 1989; Duan et al., 2002) . Although c-KIT oncogene, encoding a transmembrane receptor tyrosine kinase, has not been previously implicated in breast cancer, it is often activated in a number of human malignancies, including mast cell leukemia (Furitsu et al., 1993) , acute myeloid leukemia (Longley et al., 2001) , and gastrointestinal stromal tumors (Hirota et al., 1998) .
In conclusion, the Herceptin treatment induced a dose-dependent growth reduction in HER2 amplified breast cancer cell lines. The expression profiling identified a set of 439 genes whose temporal expression patterns discriminated between the amplified and nonamplified cell lines. These included several genes involved in key cellular processes, such as RNA processing, DNA repair, cell adhesion, and oncogenesis. Detailed analysis of these genes is likely to provide additional information on the downstream effects of blocking the HER2 pathway in breast cancer.
